Introduction Ca 2þ -induced Ca 2þ release (CICR) is known as the main mechanism involved in the excitation-contraction coupling (ECC) of cardiomyocytes. 1 However a second mechanism involving InsP 3 -induced intracellular Ca 2þ release (IP3ICR) has been described. [2] [3] [4] It can be activated through the binding of cardioactive hormones to G protein-coupled receptors (GPCRs), amongst others endothelin-1 (ET-1) and angiotensin II (AngII). The contribution of IP3ICR to the CICR and therefore to the ECC in both normal and pathophysiological conditions remains poorly understood.
In atrial cardiomyocytes, the ryanodine receptors (RyRs) constitute the major mediator of SR-Ca 2þ release. They are functionally coupled and organized in channel clusters. 5 The opening of these clustered RyRs, triggered by the Ca 2þ influx through the voltage-operated L-Type Ca 2þ channels, elicit local Ca 2þ release events known as 'Ca 2þ sparks', the basis for global Ca 2þ transients. 6 The coordinated openings of clustered InsP 3 Rs will result, as well, in local SR-Ca 2þ release called 'Ca 2þ puffs' exhibiting distinct spatio-temporal properties. 7 In addition to microscopically detectable Ca 2þ puffs, eventless SR-Ca 2þ release by individual InsP 3 Rs openings has been described. 8 Although the functional expression of InsP 3 Rs in cardiac tissue is limited, in comparison to RyRs, evidence suggests that the IP3ICR may contribute to the ECC in atrial cardiomyocytes. 9, 10 
Methods

Cell preparation and chemicals
The InsP 3 R type II overexpressing mouse model 12 (TG) and WT (FVB/N background) mice were obtained from Charles River Laboratories (Germany). C57BL6 mice were provided by our Central Animal Facility, University of Bern (Switzerland) for control purposes. Hearts were removed after animals were euthanized by cervical dislocation. Acute atrial myocytes isolation was performed using the Langendorff perfusion technique. All experiments were performed at room temperature and approved by the State Veterinary Office of Bern, Switzerland, according to Swiss Federal Animal Protection Law (see Supplementary material online, Figure S1 ). Pharmacological experiments included 2-aminoethoxydiphenyl borate (2-APB; Sigma-Aldrich), tetracaine (Sigma-Aldrich), xestospongin C (A.G. Scientific Inc.), InsP 3 AM (SiChem GmbH), endothelin-1 (ET-1; SigmaAldrich), DM-nitrophen AM (Setareh Biotech), phenylephrine hydrochloride (PE, Sigma-Aldrich), U-73122 and U-73343 (Tocris Bioscience 
Confocal Ca 2þ imaging and data analysis
Rapid two-dimensional confocal full-frame Ca 2þ imaging (150 Hz; 0.267 lm Â 0.267 lm pixel -1 , 512 Â 64 pixel per frame-scan) was performed on Fluo-3 AM loaded atrial myocytes using a diode laser (488 nm, 50 mW) and a multi-beam confocal scanner (VT-infinity, VisiTech international) mounted on an inverted microscope (Nikon). Raw data were initially analysed for frequency, mean fluorescence amplitude (DF/F 0 ) and mean full width at half maximal amplitude in x-and y-direction (FWHM x,y ) using a two-dimensional Ca 2þ spark analysis software. 16 A detailed event analysis was built using a python algorithm following a two-step pixel clustering procedure (densitybased spatial clustering of applications with noise). 17 
Immunocytochemistry
For immunostaining cells were incubated overnight at þ4 C with a mix of primary antibodies against InsP 3 R2 (1:1000, Abcam ab77838) and RyR2 (1:200, Abcam ab2827) followed by incubation with a mix of secondary anti-mouse and anti-rabbit antibodies conjugated to Alexa Fluor 488 and 568, respectively (1:600, Molecular Probes). For Western Blot anti-InsP 3 R2 antibody (1:5000, KM1083, gift from Dr. K. Mikoshiba) or anti-GAPDH antibody (1:100 000, Fitzgerald 10R-G109A) was used. RT-qPCR was performed with primers specific for itpr2 and b-actin with the Eco Real-Time PCR system (Illumina) and using KAPA SYBR FAST One-Step kit (Kapa Biosystems).
A more detailed version of the method section is provided in the supplementary section.
Results
ET-1 induced InsP 3 R Ca 2þ release in atrial myocytes Figure S1 ). Semi-quantitative assessment for InsP 3 R2 protein expression and RT-qPCR analysis determined a 1.6-fold increase in InsP 3 R2s expression in TG mice compared to atrial tissue extracts from control.
To get further insight in the local contribution of IP3ICR and ensure the proper discrimination of CICR-and IP3ICR events, interventions aiming at controlling the phospholipase C (PLC) function were used. Atrial myocytes isolated from TGs were field-stimulated to control SRCa 2þ loading conditions. The frequency of Ca 2þ sparks, mini-waves (Ca 2þ events propagating partially throughout the entire cell), and waves and Ca 2þ mini-waves were reduced to a frequency with very rare events ( Figure 2D ). Taken together, these observations support that in atrial myocytes ET-1 receptor stimulation subsequently triggered Ca 2þ release events which may be caused, at least in part, by IP3ICR. In addition, intracellular provision of InsP 3 in terms of PLC activation (e.g. induced by a humoral agonist) appears to be a precondition for IP3ICR. An increased number of InsP 3 dependent Ca 2þ events in cells from TGs may facilitate the probability of potential crosstalk events between InsP 3 Rs and RyRs. These interactions can accurately be examined on a local scale exclusively with an appropriate basal InsP 3 Rs activity.
As illustrated in Figure 3 , we analysed the amplitude (DF/F 0 ), FWHM x , and FWHM y of individual Ca 2þ events by using conventional two-dimen- Local Ca 2þ release events were also assessed in permeabilized atrial myocytes using classical confocal linescan mode (see Supplementary ma terial online, Figure S2 ). Compared to control condition, superfusion with the RyR antagonist tetracaine (1 mmol/L) abolished detectable Ca 2þ release events, whereas subsequent selective stimulation of InsP 3 Rs (20 mmol/L InsP 3 -salt, 1 mmol/L tetracaine) partially recovered Ca 2þ release event activity. This persistent Ca 2þ event activity was sensitive to the InsP 3 R antagonist 2-APB (2 mmol/L) with previously triggered Ca 2þ release events being suppressed. Spatio-temporal characterization of these events showed overlap with control, but a fraction of events was found to be lower in amplitude and longer in FDHM, supporting that IP3ICR contributes at least in part to the total number of Ca 2þ events (see supplementary material online).
Taken together and based on the pharmacological interventions, IP3ICR appears to contribute to the constitution of local Ca 2þ release events, although their spatio-temporal characterization by using conventional two-dimensional or one-dimensional Ca 2þ spark analysis fails to To overcome the limitations mentioned above, we applied a custommade mathematical tool to analyse local Ca 2þ release events with an individual pixel basis applied on mapped regions of interest (ROIs) of twodimensional full-frame confocal image stacks ( Figure 4 ).
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Each pixel is characterized by various individual parameters (amplitude, duration, s rise , s decay ) which together determine the shape of each Ca 2þ release event. In order to characterize a pixel event, the pixel's location in space and time should be known as well. In other words, a pixel event can be completely defined by two vectors: the shape vector and the position vector. If done, a new 'denoised' event-image can be reconstructed. However, a prior two-step clustering procedure of pixels needs to be performed (density-based spatial clustering of applications with noise). 18 A first clustering of pixels according to their shape is then followed by a spatio-temporal clustering within that group. The outcome then allows the extraction of desired parameters from the cluster such as amplitude, FDHM, FWHM x,y , rise and decay times and separation into physiologically relevant Ca 2þ signalling events (e.g. Ca 2þ sparks/ Ca 2þ puffs).
As aforementioned, the procedure started with a conventional Ca 2þ spark analysis where local Ca 2þ release events were first detected. 19 Selected single Ca 2þ release events were further processed for a detailed analysis using our pixel-wise fitting algorithm, whereby the fitted fluorescence intensity fluctuation within each pixel, belonging to the ROI and a selected time window, were clustered according to the combined spatio- One advantage of this procedure is, that even though the spatiotemporal characteristics of pixels (individual parameters) within the ROI are not statistically different, the combination of all the obtained parameters will ensure the success in providing an optimal event separation. The core of local Ca 2þ release events can thus be precisely determined, facilitating the exclusion of Ca 2þ mini-waves and fuzzy signals due to Ca 2þ diffusion. Figure 4A -C shows a confocal frame-scan image of an atrial myocyte exhibiting a Ca 2þ spark and a Ca 2þ puff. In this example, For multiple comparison, a Kruskal-Wallis test was applied (non-normally distributed data; *P < 0.050, **P < 0.010, and ***P < 0.001). the time course of averaged F/F o fluorescence intensity is taken from pseudo-linescan (linescan-type x-t plot from a x-y-t timecourse) analysis. The ROIs shown include a Ca 2þ spark and a Ca 2þ puff. The maximal signal of each pixel in the ROI illustrated in Figure 4C allows the clustering of events ( Figure 4D ). Even though, pixels exhibit some overlap in the cluster of F/F o fluorescence and/or other parameters (e.g. FDHM), Ca 2þ sparks and Ca 2þ puffs can be distinguished. The threshold used for Ca 2þ puff classification is illustrated in Figure 4E . Figure 4F and G shows a typical Ca 2þ spark and Ca 2þ puff-separation and -classification based on the spatio-temporal parameters. Numerical data of the same example are given in the supplements (see Supplementary material online, Table  S1 ). Spatio-temporal parameters were found to be statistically significant with the exception of FWHM x and FWHM y . Figure 5 shows representative spatio-temporal parameters obtained for Ca 2þ puffs (n e = 95; Figure 4F and G) from atrial myocytes isolated from FVB and TG mice. No significant differences in the Ca 2þ event characteristics were observed. In addition, no differences were found in classified Ca 2þ puffs from C57BL6 atrial myocytes. Figure 5 shows, as well, that the spatio-temporal profile of Ca 2þ puffs are independent from their trigger (e.g. ET-1, InsP 3 AM). Of importance, the spatio-temporal profile of the classified Ca 2þ puffs is not significantly affected by tetracaine RyR inhibition. This supports the robustness of our approach.
In conclusion, the pixel-wise fitting algorithm approach in combination with a Ca 2þ puff thresholding and appropriate selective pharmacology allows a successful separation and classification of local Ca 2þ release events.
RyR-Ca 2þ release can be directly provoked by InsP 3 R-Ca 2þ release (Ca 2þ puff vs. Ca 2þ spark)
Because of the limited experimental accessibility on a local scale, the functional crosstalk of RyR and InsP 3 R in cardiac myocytes was considered elusive. The approach described above enables a detailed functional characterization of local interactions between IP3ICR and CICR.
Although we are expecting a constitutive crosstalk between RyRs and InsP 3 Rs (e.g. in FVB mice), the probability of interaction may be rather limited in control condition where the expression of InsP 3 Rs is low. For this reason, our functional crosstalk studies were performed on cells isolated from TG mice where the IP3ICR event probability is higher.
Freshly isolated atrial myocytes from TG mice were treated with either 50 lmol/L InsP 3 AM, 100 nmol/L ET-1 or 10 lmol/L phenylephrine to increase the occurrence of IP3ICR events. Ca 2þ release event sites (e.g. showing a Ca 2þ puff) were further identified. Occasionally, Ca 2þ sparks were found close to regions of Ca 2þ puffs (n e = 10). Figure   6A and B illustrates a ROI exhibiting a Ca 2þ spark with adjacent Ca 2þ puff. Analysis of the event sequence suggested that the Ca 2þ spark occurred subsequently to the Ca 2þ puff but within the sustained time window and within the ROI (defined as 66 lm 2 with the Ca 2þ puff in the centre). The mean delay between the interdependent sequences of Ca 2þ puff and Ca 2þ spark onsets was 266 ms (164 SD, n e = 10; Figure 6C ).
From the total number of identified pair of events, the probability that these event sequences occurred spontaneously in a non-coordinated fashion was below 1% (see Supplementary material online, Table S3 ). This sequence of events was absent in the presence of the InsP 3 R2 antagonist xestospongin C (5 lmol/L; n c = 12) or the RyR2 blocker tetracaine (1 mmol/L; n c = 22). ; n c = 56, Figure 7D ) suggesting that the Ca 2þ puff frequency was affected by local CICR. Sequence analysis at a local scale revealed that IP3ICR events occurred subsequently to Ca 2þ spark initiation with a delay of 49 ms (12 SD; Figure 7E ) and with a probability of 9% (5/56). The probability of misclassification of the sequence (e.g. Ca 2þ puffs arising randomly at the time of photolytic intracellular Ca 2þ release) was found to be lower than 2% within a time window of 500 ms following [Ca 2þ ] i increase. The CICR to IP3ICR event sequence was not observed in the presence of 5 lmol/L xestospongin C (n c = 9) and/or in combination with the RyR2 blocker tetracaine (1 mmol/L; n c = 6). Ca 2þ release events occurring after rapid [Ca 2þ ] i increase are spatiotemporally identical to IP3ICR events under control conditions (see Figure 7F , see Supplementary material online, Table S2 ). Although, s rise , FDHM, s decay , DF/F o , and FWHM x,y were in the same order of magnitude, the mean FDHM (241 ms, 116 SD) was found to be shorter than the internal reference for FDHM (403 ms, 196 SD) for Ca 2þ puffs. 
IP3ICR is sensitive to CICR
Discussion
The current observations unmask the existence of previously unrecognized functional bi-directional crosstalk of InsP 3 R2 and RyR2 in atrial cardiomyocytes. Although this interaction has been suggested, the mechanisms have not yet been directly examined at a local subcellular scale.
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Identification of CICR and IP3ICR events in atrial myocytes
Recent studies have focused on the IP3ICR mechanism and its regulatory functions on CICR and excitation-transcription coupling (ETC) in cardiomyocytes. 15, 23 In atrial myocytes, the central mechanism for ECC is the cardiomyocytes the direct detection of IP3ICR events was considered to be limited. 8, 24 We hypothesized that conventional Ca 2þ spark analysis tools are not sensitive enough to allow the identification of Ca 2þ puffs in cardiomyocytes with a sufficient precision, a statement based on one-dimensional confocal linescan analysis. The reason is that the probability of IP3ICR events is generally low in cardiac preparations. 9 In addition, Ca 2þ puffs may not differ significantly in terms of their spatio-temporal profiles from other elementary Ca 2þ release events. Importantly, pharmacological separation between Ca 2þ puffs and Ca 2þ sparks has some limitations due to incomplete specificity. 25 In our approach, full frame raw data were partitioned into specific ROIs and SOIs (sequences of interest, e.g. for the full duration of Ca 2þ release events). ROI framescan series were subsequently processed by cluster analysis of Ca 2þ events: density-based spatial clustering of applications with noise. 18 This multi-parametric approach enabled us to extract parameters such as amplitude, FDHM, FWHM, rise time, decay time, and to separate and classify Ca 2þ puffs and Ca 2þ sparks ( Figure 4D ). This approach is comparable to a multidimensional vector rotating in a data cloud, where the vector length and orientation depend on the value of each individual data point within the data cloud. It should be pointed out that even individual spatio-temporal parameters of pixels within the ROI may not be significantly different, but by combining different pixel parameters, the procedure may successfully find an optimum for event separation. In other words, by using a combination of all spatio-temporal event parameters, a differentiation and classification of events can be made. Even though parameters (e.g. FWHM y ) from both event types strongly overlapped when taken as individual parameter, in combination with others (e.g. DF/F 0 , s rise , s decay , FDHM) they were sufficient for event discrimination. For DF/F 0 thresholds, 75% of Ca 2þ puffs were found to be equal or below 0. The obtained spatio-temporal profiles of Ca 2þ sparks and Ca 2þ puffs were comparable with previously published studies with different animal preparations (see Supplementary material online, Table S1 ). 5, 26 The robustness of the applied approach was underscored by the key observation that the extraction of parameters (e.g. amplitude, FDHM, FWHM, rise-, decay -times etc.) from local events classified as 'Ca 2þ puffs' were (i) independent from the source of preparation (FVB, TG's, C57BL6), (ii) not affected by the nature of the trigger inducing IP3ICR, and (iii) not affected by the RyR inhibitor tetracaine. Hence, the present study substantiates simultaneously occurring Ca 2þ sparks and Ca 2þ puffs in atrial cardiomyocytes.
Functional crosstalk between InsP 3 R2 and RyR2 20 The effect has been shown in other cell types, whereby CICR was the coordinative mechanism of the concerted opening of clustered InsP 3 Rs. 30 We increased the Ca 2þ spark frequency with rapid and homo- 
Physiological and pathophysiological implications
In atrial tissue collected from patients with atrial fibrillation, it has been reported that chronic pressure overload of the atrial wall is associated with increased InsP 3 R expression. Such an increase may be a likely contributor for the initiation or perpetuation of atrial fibrillation. 31 In functional studies performed in atrial cells from rabbit HF model, increased Ca 2þ transients related to enhanced IP3ICR expression have been identified. 32 The TG model used in our study shows a mild up-regulation of InsP 3 R2 expression with similarities in terms of cellular remodelling reported for human dilated cardiomyopathy with arrhythmogenic substrate. 4 9 In addition, functional InsP 3 R up-regulation may have positive inotropic consequences. 35 Although the number of directly observed InsP 3 R/RyR crosstalk events was rather low in our hands, a significant impact on CICR/ECC is possible. The present study supports a modulatory role of InsP 3 R/RyR crosstalk mechanisms for ECC and suggests IP3ICR as a potential target for treating Ca 2þ -dependent cardiac disorders. tained data for Ca 2þ puffs (n e = 95, marked in green; data extracted from Figure 2 and Supplementary material online, Table S1 ). Selected data are presented as Tukey boxplot with median value.
Crosstalk of calcium sparks and calcium puffs
